Formation and evolution of complementary vortical rings induced in air by a pressure pulse on a hole under various boundary conditions are investigated by Hilbert-optics methods and computer modeling. It is experimentally demonstrated that reverse ring-shaped vortices inside the chamber after its depressurization are formed not only in the case with a reduced initial pressure in the chamber as compared with the ambient atmospheric pressure but also in the case with a higher gas pressure in the chamber than the atmospheric pressure. The complementary vortex rings propagating in forward and reverse directions might significantly affect the combustion process in the jets.
Introduction
Vortical rings have riveted attention of researchers already for more than a hundred years. The bibliography of scientific publications on vortex rings is huge, which is reflected in numerous books and reviews. [1] [2] [3] [4] [5] By the present time, the general laws of formation and evolution of vortex rings have been investigated in detail. [6] [7] [8] [9] [10] Mathematical models have been developed, and the basic characteristics of vortex rings have been studied. 2, 11 However, each new result opens new horizons for researches in this area. It would seem that vortex rings have been thoroughly investigated, and generation of pulse vortex rings has been included into the arsenal of demonstration experiments in popular scientific programs. However, experimental researches of vortex rings are still urgent, which was illustrated, for instance, by Arbuzov et al. 12 and Dubnishchev et al. 13 They discovered that a pressure pulse on a hole induces in air vortex rings propagating in the opposite directions. In these experiments, the chamber with an exhaust outlet was used. The back wall of the chamber was formed by the diffuser of an electrodynamic loudspeaker. The pressure pulse was created by diffuser displacement owing to supply of electric pulses to the electrodynamic loudspeaker. The shape of these pulses was defined by a computer.
In traditional experiments with generation of vortex rings, the structures propagating outward from the chamber are usually observed. 7, [14] [15] [16] [17] The formation and distribution of ring vortex of flame when filing through the round hole of the fuel mixture and combustion modes within the vortex ring experimentally and numerically studied. [18] [19] [20] The dynamics of propagation of direct and reverse vortices is important for combustion processes. Inverse vortex rings penetrating into the tank containing the combustible gas during depressurization be able to trigger explosion and destruction due to the penetration of flames and an oxidant. Vortex rings generated by a directed explosion are used, for example, for fire extinguishing in oil wells. 5 The difficulty of visualization of vortex rings inside the chamber by traditional methods is associated with weak disturbances of the optical phase density. It was only due to the application of the Hilbert-optics methods that the authors were able to find for the first time the vortex rings inside the chamber, which were complementary to the external vortex rings. The optical Hilbert-diagnostics of flows (HFV, Hilbert flow visualization) is based on visualization of phase disturbances induced in the light field as the investigated fluid propagates through this field. Although the theoretical and experimental fundamentals of the Hilbert-optics have been well developed, [21] [22] [23] [24] the potential of its development and application is far from being exhausted. In particular, this refers to researches of formation and evolution of complementary vortex rings induced in air by a pressure pulse on a hole. The present work is motivated by the necessity of considering these issues.
Method of research and results
The optical measuring complex was created on the basis of an IAB-463M shadowgraph (www.ckb-photon.ru), in which an optical Hilbert-filtration module and a source of illumination were specially developed for the experiment. A sketch of the optical measuring system is shown in Figure 1 (a). The system consecutively includes a light source, a collimation objective, and a Fourier-objective in the frequency plane K x , K y , where the Hilbert-filter is placed. There is a phase disturbance s(x, y). The Fourier-objective brings back the Fourier-transformation and restores the filtered image s(x, y), which is registered by a CCD camera. Vortex rings are formed inside and outside the chamber of the generator.
The design of the chamber (Figure 1(b) ) is similar to that described in Arbuzov et al. 12 and Dubnishchev et al. 13 Its internal sizes are 0.19 m Â 0.19 m Â 0.38 m. The back wall of the chamber is formed by the diffuser of an electrodynamic loudspeaker initiated by electric pulses acting through the amplifier from the output of the sound card of a computer. Windows of optical quality were inserted into lateral walls for visualization of phase disturbances inside the chamber. A computer control system of the experiment provided the control of the shape and on/off time ratio of pulses acting on the electrodynamic generator, measurement of pressure pulses in the chamber, and also synchronization of operation of the electrodynamic generator and the system of registration of vortex structure images. The experiments were performed with exhaust outlet diameter of 20 mm. Visualization of phase disturbances induced by vortex rings in the light field was consecutively performed by the optical Hilbert-filtration of the Fourier-spectrum of the disturbed optical field, by the inverse Fourier-transformation of the filtered Fourierspectrum and by registration of the Hilbert-conjugated image. In the case of the Foucault-Hilbert transformation, the result is an optical analytical signal as a superposition of the original signal and its Hilbertconjugated image. 24 The Hilbert-conjugated image contains the information about the structure of the phase optical density disturbance in the fluid.
For the optical filter with a quadrant structure, the coherent transfer function HðK x , K y Þ generally looks like
AE sgnK y Þ are the Heaviside functions, K x and K y are the spatial frequencies in the Cartesian coordinate system, sgnK is the sign function, and 1 , 2 are the amplitude transmission coefficients: 1 in the quadrant sgnK x sgnK y 4 0 and 2 in the quadrant sgnK x sgnK y 5 0. From here, we find the amplitude-frequency jHðK x , K y Þj and phase-frequency ðK x , K y Þ characteristics of the filter: where in view of (1),
At ' ¼ 0, the amplitude filter with the coherent transfer function turns out to be
Such filter realizes the Foucault-Hilbert two-dimensional transformation. If this amplitude transmission coefficient of the filter depends on the wavelength, 1 ¼ ð 1 Þ and 2 ¼ ð 2 Þ, the Foucault-Hilbert polychromatic transformation is carried out. The maximum contrast of the Foucault-Hilbert transformation with such a filter is reached at 2 ¼ 0, 1 ¼ ¼ 1:
In the case of an arbitrary value of ' and 1 ¼ 2 ¼ 1, the coherent transfer function of the filter takes the form
or, in a transformed form,
From here, it is visible that filter having such phase structure performs a two-dimensional Foucault-Hilbert transformation. In the Hilbert-optics methods based on application of filters having the quadrant structure, the Hilbert transformation is not isotropic. In the case of an isotropic Hilbert transformation, filters with axial or screw symmetry are used. [24] [25] [26] As the phase shift depends on the wavelength ' ¼ 'ðÞ, the filter with the coherent transfer function (4) performs the Foucault-Hilbert polychromatic filtration in a spectral band of the light source. At ' ¼ =2 and 1 ¼ 2 ¼ 1, the coherent transfer function (2) becomes
Such filter has a phase structure. It realizes the twodimensional Hilbert-filtration sgnK x sgnK y with the accuracy of the phase multiplier. Special cases of the Hilbert-optics methods are shadow and schlieren technologies. 16, 17, 27 barotropic and axisymmetric flow. An implicit scheme providing the second order of accuracy of approximation in time and the QUICK scheme providing the second order of accuracy in space were used to solve this problem. Formation and evolution of vortex structures on a hole was investigated in the case of formation of a positive or negative pressure pulse with respect to the atmosphere due to displacement of a fragment of the back wall of the chamber. In modeling, the internal cavity of the chamber was assumed to be a cylinder with a radius of 107 mm and a length of 380 mm. The diameter of the hole in the end face of the cylindrical cavity with the center on its axis is 20 mm. The amplitude of the pressure pulse reached 1800 Pa when it approached the hole. A positive pressure pulse generates excess pressure in the chamber. This situation is similar to sudden depressurization of the gas-containing chamber at high gas pressures. A negative pressure pulse generated a reduced pressure in the chamber. This situation corresponds to chamber depressurization in the case of high ambient pressures.
Numerical modeling and experiment
Formation and evolution of vortex structures induced by a positive pressure pulse on the hole Figure 2 shows the results of numerical modeling of pressure fields (a), axial velocity (b), and streamlines (c) for the flow induced by the positive pressure pulse (Figure 3(a) ). The pressure field and the structure of the induced flow are shown at 64 ms after the instant of formation of the pressure pulse near the back wall of the cavity of the chamber. The lower limit of the computational domain in Figure 2 designates the axis of the cylindrical chamber.
The vertical black line in the middle of the calculated area denotes the diaphragm with the hole, which is opened at the initial moment. The distance from the left wall to the diaphragm is 380 mm, the radius of the chamber is 107 mm, and the hole radius is of 10 mm. The boundaries of the calculated area to the right of the diaphragm are as the free boundaries with the atmosphere. Vortex rings induced by the pressure pulse on the hole and propagating outside and inside the chamber in the opposite directions are well visible. The pressure field, the axial velocity, and the current lines in Figure 2 indicate the presence of the toroidal vortices on either side of the aperture in the cylindrical chamber. Figure 4 shows the Hilbert-images of the vortex structures induced by the positive pressure pulse (Figure 3(a) ) on the hole. The vortex structures were visualized by the Hilbert-optics methods. The visualization was performed on the experimental setup as shown in Figure 1 . The sequence of the Hilbert-images illustrates the evolution of complementary vortex rings. The difference of the serial numbers by unity corresponds to the interval between the frames equal to 1.3 ms. Each frame is a rectangular area with 52 mm wide and 330 mm high. The black band corresponds to the thickness of the wall, in which the hole is made. The internal cavity of the chamber is shown below this band, and the ambient medium is above this band. The size of the fragment of the internal cavity on the frame is 52 Â 145 mm. The vortex ring induced by the positive pressure pulse inside the chamber appears with a delay relative to the external ring; this delay approximately corresponds to the pressure pulse duration. As is evident from Figure 4 , the velocity of propagation of the ring outside the chamber is greater than the velocity of propagation of the complementary ring inside the chamber.
Formation and evolution of vortex structures induced by a negative pressure pulse on the hole Figure 5 shows the results of numerical modeling of the fields of pressure (a), axial velocity (b), and streamlines (c) for the flow induced by the negative pressure pulse (Figure 3(b) ). The geometry of the computational domain in Figure 5 corresponds to the geometry described in Figure 2 .
The field of pressure and the structure of the induced flow are shown at 64 ms after the instant of formation of the pressure pulse near the back wall of the cavity of the chamber. The amplitude of the pressure pulse reaching the exhaust outlet was 1800 Pa with respect to the atmospheric pressure in the ambient medium. For example, Figure 6 shows the evolution of vortex rings induced by the negative pressure pulse (Figure 3(b) ) on the round hole 20 mm in diameter. The difference of the serial numbers of the frames by unity corresponds to the interval between the frames equal to 1.3 ms. The negative pressure pulse induces the external vortex ring with a certain delay relative to the internal ring. The evolution of complementary vortex rings induced by a pressure pulse and propagating outside and inside the chamber is registered for the first time. Complementary vortices are induced by both positive and negative pressure pulses. The boundary conditions (diameter of the diaphragm) and the initial conditions (the amplitude and shape of the pressure pulse) affect the structure and dynamics of vortex rings.
The influence of the shape of the pressure pulse on formation of complementary vortices is manifested in two ways. If the pressure front is sufficiently steep, the diffraction mechanism of ring formation prevails. 12 The dynamics of vortex rings formed by the diffraction mechanism is defined by the law of conservation of the pressure pulse momentum. The jet mechanism starts to prevail as the steepness of the pressure pulse front decreases. Better understanding of the dynamics of formation and evolution of complementary vortex rings induced by a pressure pulse on a hole, and possible practical applications can be the subject of further experimental and theoretical researches. Figure 7 shows the interaction of the toroidal vortex with the flame of the candle (diameter 6 mm) mounted in the diaphragm hole (diameter 24 mm). The vortical ring, induced by pressure pulse in the chamber, disturbs the flame (a). The amplitude of the positive pulse pressure is 350 Pa and the duration is 0.01 s. When the amplitude of the pulse is increased 20%, the flame is first broken into individual combustion zones, and then is restored (a). With further increase of the pressure pulse, the flame goes out under the influence of the toroidal vortex (c). The difference of the serial numbers of the frames by unity corresponds to the interval between the frames equal to 17 ms. 
Conclusion
Evolution of complementary vortex rings induced by a pressure pulse on a hole is registered for the first time by the Hilbert-optics methods. Depending on the shape and amplitude of the pressure pulse, either the diffraction or jet mechanism of formation of vortex rings propagating in the opposite directions prevails. The results of computer modeling are qualitatively consistent with experimental data. It is experimentally demonstrated that reverse ring-shaped vortices inside the chamber after its depressurization are formed not only in the case with a reduced initial pressure in the chamber as compared with the ambient atmospheric pressure but also in the case with a higher gas pressure in the chamber than the atmospheric pressure. This means that the oxidizer and flame may enter the reservoir containing a combustible gas from outside because of reservoir depressurization. The complementary vortex rings propagating in forward and reverse directions might significantly affect the combustion process in the jets.
